Abstract. Visual binary stars make up the largest set among observed types of binaries (currently more than 110 000 systems are known containing more than 230 000 components). However, statistical analysis of this sample is a complicated task because a number of catalogues of visual binaries contain various data for evidently overlapping sets of objects. To use the complete dataset, one needs to cross-match these catalogues, i.e. to gather all the available information on visual binary stars into a single list. We have compiled a comprehensive set of visual binaries using data from the current versions of the Catalog of Components of Double & Multiple stars (CCDM); Tycho Double Star Catalogue (TDSC), and The Washington Visual Double Star Catalog (WDS). The resulting list 1 contains 130 873 pairs, and we also provide trigonometric parallaxes for 14 319 of them drawn mostly from the Hipparcos catalogue.
INTRODUCTION
Visual binary stars (those that can be visually resolved with the use of a telescope) are essential objects for statistical investigation of wide binaries due to their widespread occurrence. As of now, more than 110,000 such systems are known. However, the data on visual binaries can be found in various catalogues containing various parameters, and usually the same binaries have different identifiers in different catalogues. Thus, Washington Visual Double Star Catalog (WDS, Mason et al. 2013) contains data on more than 120 000 visual pairs (the catalogue is being often updated), including coordinates, angular separation and magnitude difference between the components, the component magnitudes and spectral types, the position angle of the pair, etc. The Catalog of Components of Double & Multiple stars (CCDM, Dommanget & Nys 2002) contains more than 49000 visual binaries, with similar information about the parameters of these stars (coordinates, position angle and angular separation between the components, the magnitudes and spectral types when available, etc.) and some cross-identification. The Tycho Double Star Catalogue (TDSC, Fabricius et al. 2002) includes more than 32 000 visual binary stars including the coordinates, magnitudes, position angles and angular separations, etc. These three major catalogues, as one may expect, include almost all the data on visual binaries known by today. For proper and correct statistical investigation, one needs to merge the available data into a single list. This necessarily involves cross-matching of the said catalogues.
Our purpose was to compile the most exhaustive list of visual binary stars for further investigation of the distribution of observational parameters of these objects. Sections 2 and 3 describe the cross-matching procedure and the resulting list, respectively. Finally, in Section 4, we draw our conclusions.
CROSS-MATCHING OF THE CATALOGUES OF VISUAL BINARIES
To compile an exhaustive list of visual binaries, we combined the data from WDS (version Aug 19, 2014) , TDSC and CCDM catalogues. We use WDS, the largest among the the three lists, as our reference catalogue, and first tried to find WDS counterparts for CCDM objects. We recorded the successfully matched entries into the output list, and then added unmatched WDS and CCDM to it.
The procedure works as follows. Each entry in WDS and CCDM represent information about the pair, and provides, in particular, positional data for both components. We use TOPCAT tool (Taylor 2005 , http://www.starlink.ac.uk/topcat/) to find for each entry in CCDM all the corresponding entries from WDS based on the coordinates of the secondary component. If no WDS secondary (primaries are ignored) can be found within the 100 arcsec radius circle centered on the given CCDM secondary, the CCDM pair is considered to be unmatched and goes to the output list. If one WDS is found inside the circle, WDS and CCDM identifications are recorded in the output list.
Finally, if two or more WDS secondaries are found within 100 arcsec, their parameters are compared (see section 2.1 below) and one of the candidates is considered to be identified, and all the candidates (including the identified one) are recorded in the additional, so called duplicate list. This list can be helpful for validation purposes.
Parameters of visual binaries
In the case of multiple cross-identifications (i.e., when two or more WDS pairs are matched with the given CCDM pair) we use the parameters of the pairs and of their components available in the catalogues considered to find the best match, namely the angular separation ρ, the position angle θ, and the component magnitudes m 1 and m 2 . To evaluate the cross-matching quality of each pair, we compare the values of the same parameter from the two catalogues.
We compile and analyze the values of the following parameters:
• ∆ρ -the difference in angular separation (hereafter in arcsec);
• ∆Θ -the difference in position angle (hereafter in degrees);
• ∆ρ/year and ∆Θ/year -the annual variation of ρ and Θ (hereafter in arcsec and degrees, respectively); these quantities can be calculated in the cases where positional data in WDS and CCDM are given for different epochs;
• ∆m 1 and ∆m 2 -of the primary and secondary component magnitudes (hereafter in mag);
Note that WDS contains two sets of positional information (Θ, ρ), given for epochs of the first and last observations. For comparison with CCDM data we take those of two WDS sets, which is closer to CCDM epoch.
Note that WDS contains two sets of positional information (Θ, ρ), given for epochs of the first and last observations. For comparison with CCDM data we use the WDS set that is closer to the CCDM epoch.
To develop the rules for cross-matching, we used a so called training set of exclusively binary stars (i.e., with no systems of higher multiplicity) having the same WDS and CCDM identifiers. These catalogue identifiers are based on star coordinates and one may therefore expect them to be assigned to the same stars in a reasonably large fraction of cases (however, this is not the case for some systems, see below). Thus this training set allowed us to find the upper limits for the variation of the parameters used for cross-identification. In particular, we performed a statistical study of the apparent orbital motion of the pairs to find a rough dependence of annual variation of angular separation (∆ρ/year) and position angle (∆Θ/year) on angular separation ρ.
We describe the derived rules and limits below.
1. The ∆ρ parameter for the successful cross-match should not exceed ∆ρ max , where ∆ρ max = 2 for ρ ≤ 6, ∆ρ max = 41 log ρ − 30 for 6 < ρ ≤ 50, ∆ρ max = 40 for ρ > 50.
2. For successful cross-match ∆ρ/year should not exceed 4 arcsec.
3. The cross-identification can be considered successful if position angle difference ∆Θ does not exceed ∆Θ max , where ∆Θ max = 165 for ρ ≤ 20, ∆Θ max = −30 log ρ + 95 for 20 < ρ ≤ 500, ∆Θ max = 5 for ρ > 500. We also correctly handle cases where the arc passes through the zero-degree line.
4. For successful cross-match ∆Θ/year should not exceed ∆Θ/year max , where ∆Θ/year max = 20 for ρ ≤ 0.3, ∆Θ/year max = −5.6 log ρ + 15 for 0.3 < ρ ≤ 300, ∆Θ/year max = 1 for ρ > 300.
5. For the identification to be considered successful, parameter ∆m 1 should not exceed ∆m 1,max , where
for m 1 > 7 6. For the identification to be considered successful, parameter ∆m 2 should not exceed ∆m 2,max , where ∆m 2,max = 0.40m 2 − 0.75 for m 2 ≤ 8, ∆m 2,max = 2.45 for m 2 > 8 7. Also, the cross-identification is considered to be successful if the names of these binaries given by their discoverers (like ES 2543AB or BU 860) listed in the two catalogues coincide.
For every candidate cross-identification we construct the set of seven flags listed above. The binary, containing the largest number of positive flags is declared to be the real counterpart. If the catalogues do not provide some of the parameters for the given star, the comparison is based on the available parameters.
If two or more binaries have the same number of positive flags in the set, we compute function D to qualitatively estimate the reliability of the cross-matching:
Here P i are parameters listed above (∆ρ, ∆Θ, ∆ρ/year, ∆Θ/year, ∆m 1 , ∆m 2 ) and the coordinate difference (the distance between the two points with the coordinates of the same star given in the two catalogues). The corresponding limiting values P i,max are also given above, and we set P i,max for the coordinate difference equal to 100 arcsec. We chose the counterpart with maximum D value for the final cross-identification.
Actually we performed cross-matching iteratively. During the first stage we selected only the pairs with all seven positive solutions in the set of flags. We then chose among the remaining stars those with six positive solutions, etc.
We similarly cross identified TDSC objects with WDS. By definition, all TDSC pairs are included in WDS. That is why, when some pairs remain unmatched after the first iteration, we perform for them a second iteration, repeating the search around the TDSC secondary increasing the search radius to 880 arcsec. As a result, all TDSC pairs met their WDS counterparts. Actually TDSC catalogue provides WDS designations, however, about 30 erroneous (outdated) WDS names were detected in TDSC by our procedure. Also, components are often designated differently in the two catalogues.
The catalogues considered contain, in addition to the parameters used for the cross-matching, the proper motions and spectral types of the stars. In this work, however, we do not use these data for cross-matching because these parameters are not uniformly presented: spectral types lack in TDSC catalogue, and CCDM contains not enough data on stellar proper motions.
Cross-identification problems
There is a number of cross-identification problem cases that show up as discrepancies between the values of some parameters given in different catalogues. Thus some pairs having identical identifiers in WDS and CCDM actually differ in other parameters. According to our procedure, they remain non-matched. We investigated some of them manually with the support of the WDS authors (Hartkopf, private communication). A number of cases of such discrepancies could be solved (they mostly prove to be due to typos), whereas some other binaries require more observations. One of the possible reasons for the discrepancies is the presence of a third component (hereafter we designate components as A, B, C). While one of the two catalogues considered describes the object as a binary with components A and B (C is completely missing), the other catalogue can list this system as a binary, refer-ring to the components AB (unresolved) and C. The situation may be even more complicated in systems of higher multiplicity.
There is also a number of causes provoking problems of cross-matching of the components within correctly identified pairs.
• Close pair with significant apparent orbital motion. In a close shortperiod pair the two components would move quickly and change their mutual position significantly between the observations (especially if observational data cover a long time span). The position angle values may noticeably differ. If the orbit has a close-to-zero inclination and/or its significantly eccentric, angular separation may also vary significantly. Altogether about 30 successfully identified pairs have high discrepancy in position angle, and a half of them have highly discrepant separations.
• Observer's error in position angle origin. In some cases, all parameters of the pairs match except the position angle whose estimates differ by suspicious values like 180
• , 90
• or 270
• . These values make one suspect an observers error in the adopted origin and/or direction of measurement of the position angle. Note, however, that the difference of 180 o may also be caused by the discrepant choice of which component should be the primary and secondary (see next item in the list). The total number of ∆Θ = 180 ± 15 cases in the catalogue exceeds 1400, but for 320 of them ρ < 1 arcsec, and we can consider such pairs as close ones, with large apparent orbital motion (see the item above).
• Reference and concerned components are confused. If the two components of a pair have similar brightness, the primary and secondary status may be attributed to different components in different catalogues. In this case, position angle may be discrepant, while magnitude difference is close to zero. Among 1400 cases mentioned above, about 430 exhibit small component magnitude difference (m 2 − m 1 < 0.1 mag) and, consequently, are the difference between the position angles listed in the two catalogues is likely to be caused by the reason just discussed.
• Component is a variable star. One or both components of the pair may be a variable star and, consequently, the magnitude differences ∆m 1 and/or ∆m 2 may be unpredictably large. We found about 1600 such doubtful cases in the catalogue (where ∆m 1 and/or ∆m 2 are equal to or greater than 2 mag), which are possibly caused by this reason. Note that due to the variability of a component, observers may choose the primary and secondary component differently, and in this case the position angles listed in the two catalogues can also be discrepant.
• Data are provided in different photometric systems. If ∆m 1 and ∆m 2 are large but approximately equal, i.e. ∆δm ≈ 0, it is most likely that the two catalogues provide magnitudes in different photometric systems, and the crossmatching is correct. There are about 200 systems in the catalogue, where ∆δm ≤ 0.1 mag and ∆m 1 ≥ 2 mag. Here ∆δm is the difference between component magnitude differences (mag), which is calculated as ∆δm = ∆m 2 − ∆m 1 . Note that all magnitudes in CCDM and almost all magnitudes in TDSC and WDS are in the V band. For some TDSC systems Hp or B T -band photometry is provided, whereas blue or red magnitudes are given for some WDS systems (see ReadMe files of the catalogues). All these cases are marked with corresponding flags in the catalogues.
• Typos in the data. Finally, in some cases large differences in observed parameters cannot be explained by the reasons listed above and may be due to a typo in the catalogued data. Such cases can be seen in Figs. 1-3 . Figure 1 represents some cross-identification problem areas in the ∆m 1 -∆m 2 plane. Catalogued pairs are also plotted. Figures 2 and 3 show the ∆Θ and ∆ρ histograms, respectively.
As an independent check of the reliability of the procedure developed we performed a manual cross-identification for a set of multiple systems, and compared the result with the result of automatic cross-identification. The selected 20 systems of multiplicity from 6 to 22 include 192 pairs. Of them, for 173 pairs manual and automatic cross-identification give identical results. The automatic procedure failed to identify 19 pairs. There are no false automatic identifications. This means almost 90% reliability of the method when applied to complex multiple systems, and we assume that the reliability is even higher for the entire list.
STATISTICS OF THE RESULTING LIST
We compiled the most complete list of visual binary stars containing 130873 pairs with information about these systems and their components adopted from three major cataloges (WDS, TDSC, and CCDM) . Note that the cross-matching of TDSC binaries with WDS is complete, i.e., all TDSC binary stars are included in WDS (TDSC contains some single stars as well), whereas 1872 pairs from CCDM could not be matched with WDS. Also, we did not plan to match about one hundred and fifty astrometric binaries from CCDM with other catalogues within the framework of this project. The WDS -CCDM cross-identifiers are now available for the 35114 pairs, WDS -TDSC cross-identification is done for the 17913 pairs, and 19526 pairs are identified in all the three catalogues.
A total of 56 448 pairs in our final catalogue are presented in WDS only. Note that for an N-component multiple system CCDM and TDSC store information on exactly N-1 pairs, whereas WDS may contain data on N-1 to N(N-1)/2 pairs. For example, for a triple system WDS may contain information on pairs AB, AC and BC. One of these three pairs can be called "redundant" for convenience, as both reference and concerned components of that pair are mentioned in the other pairs. Figure 4 shows the distribution of of the primary and secondary magnitudes listed in our catalogue, and proves that the list can be considered to be complete down to m v ≈ 9.5 mag. Figure 5 shows distributions of the primary magnitude m 1 of wide (ρ ≥ 2 arcsec) and close pairs.
We checked all pairs of the compiled list with the SIMBAD for the available trigonometric parallaxes. We found 14 319 pairs to have measured trigonometric parallaxes (about 98% of them came from Hipparcos). This allowed us to calculate the absolute distances (based on angular separation) between the components. These data are presented in a separate table of the final catalogue.
CONCLUSIONS
We compiled and investigated visual binaries from three major catalogues (WDS, CCDM and TDSC) to construct a comprehensive list of visual binaries with additional information on trigonometric parallaxes adopted from SIMBAD.
The resulting catalogue contains 13 0873 pairs for which it gives the coordinate differences, position angles and component angular separations as well as component magnitudes provided by different catalogues. We also give trigonometric parallaxes for 14319 pairs. In our further study we plan to continue discussing the completeness of our set, correct it for the main selection effects, and construct the distributions of observational parameters of visual binaries. The compiled sample of visual binaries along with the cross-identifiers will be used in the Binary star DataBase (BDB, http://bdb.inasan.ru, Kaygorodov et al. 2012; Malkov et al. 2013) , and is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr or via http://vizier.u-strasbg.fr/viz-bin/VizieR ACKNOWLEDGMENTS. We thank Bill Hartkopf for his very useful comments on WDS, and Pavel Kaygorodov for his collaboration. This work was partly supported by the Program of Fundamental Research of the Presidium of the Russian Academy of Sciences (P-41), by the Russian Foundation for Basic Research (grants nos. 12-07-00528, 12-02-31904, and 15-02-04053), and the Program of support of leading scientific schools of the Russian Federation (3620.2014.2). This research has made use of the SIMBAD database, operated at the Centre de Données astronomiques de Strasbourg, the Washington Double Star Catalog maintained at the U.S. Naval Observatory, and NASA's Astrophysics Data System Bibliographic Services.
